Abstract-In the present communication, we have theoretically investigated and studied the reflection properties of one-dimensional birefringent-dielectric photonic crystal (1D BDPC) structure consisting alternate layers of BD material. From the analysis of the reflectance spectra it is found that 100% reflection region for both TE-and TMmode can be enhanced significantly in comparison with 1D dielectricdielectric photonic crystal (DDPC). In order to obtain the reflection spectra of the proposed structure we have used the transfer matrix method (TMM). The structure proposed by us, has a wider omnidirectional reflection (ODR) range in comparison to conventional all dielectric photonic crystals (PCs). The width of ODR can be enlarged by considering the suitable choice of lattice parameters.
INTRODUCTION
In the last decades, a new frontier has emerged to control the optical properties of materials. PCs have attracted much attention as a new kind of optical materials. Photonic crystals are composite structures of a periodic arrangement of refractive index material with periodicity of the order of the wavelength. To achieve ODR, one must have total reflection for all incident angles and all polarization states. If for some wavelength range, a PC reflects light of any polarization incident at any angle, we say that the crystal has a complete photonic bandgap. In such a crystal, no light modes propagate if they have same wavelength within that range [1] .
The omnidirectional photonic bandgap (OPBG) for T E and T M polarization is defined by the upper photonic bandgap edge at 89 • incident angle and the lower photonic bandgap edge at normal incidence [2] . The OPBG for T M polarization lies completely within OPBG of T E polarization. Therefore it is the TM bandgap that determines the bandwidth of the omnidirectional reflector.
Ouchani et al. [3] reported that a multilayer dielectric reflector can have a high reflectivity over a broad range of frequencies at all incident angles if the refractive index and the thickness of the constituent dielectric layer are correctly chosen. Such a "perfect mirror" has been the subject of interest in recent years and has been designed using one-dimensional (1D) all-dielectric binary PCs (i.e., two material layers constituting a period of the lattice) [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . This characteristic can be used to design unprecedented control of light and show promise for their applications in several areas, including waveguides, biophotonic sensors, nanotechnology, integrated photonic chips, spontaneous emission, photon trapping, and biomedical optics [17] .
Most previous researches, have involved the use of a number of periodic and quasi-periodic structures based on alternating homogeneous isotropic layers of high and low refractive index to achieve an omnidirectional reflection. To the best of our knowledge, there have been works involving the use of an anisotropic stack to study the reflection property [22, 23] . Abdulhalim [22] was the first to report on omnidirectional reflection in birefringent periodic multilayers. This study is further analyzed by Cojocaru [23] . It has been reported that wider omnidirectional ranges can be obtained from birefringent multilayers as compared to those obtained from isotropic ones. Awasthi et al. [24] showed that the ternary BDPC gives a much larger range enhancement as compared to DDPC.
In this study, we have made an attempt to study the reflection properties of 1D BDPC, by using the TMM. The omnidirectional reflectors (ODRs) have been designed with a wide reflection range in the infrared region. In contrast to prior work by Awasthi et al. [24] , the main challenge in this study is to maintain a small structure size while keeping the wide spectral band width in the range of infrared wavelengths.
THEORETICAL ANALYSIS
Consider the 1D BDPC with the periodic structure of (BD) N where B and D represent birefringent material layer and dielectric layers respectively and N is the number of periods. Let a plane wave be injected from vacuum onto the 1D BDPC at an angle θ with the z direction, as shown in Fig. 1 . For the transverse electric (TE)/the transverse magnetic (TM) wave, the electric field E/the magnetic field H is along the x direction. The dielectric layers are in the x-y plane.
Optical birefringence describes the difference of a material's refractive indices with direction and with the state of polarization. Let us assume that the biaxial layer in each period has principal refractive indices n x , n y and n z along the x, y and z axes respectively. We take the xyz coordinate axes to coincide with the principal dielectric axes (so that the permittivity tensor is diagonal) and the wave vectork to lie in the xz plane, the plane of incidence. The xy plane is then the interface plane [24] .
We define an effective refractive index n B [25] for the biaxial layer,
c where ω is the angular frequency and c is the speed of light in free space. The parameter n B depends on the polarization state of the fields and the direction of the wave vector as follows:
Here θ 1 is the ray angle inside the biaxial layer. The characteristic matrix of the assembly of layers is given by [26] 
where l = 1 and 2 signify the B and D layers of one period. The parameters δ l and q l represent the propagation phases or phase thicknesses and transverse refractive indices in each medium respectively.
The reflectance of the multilayer is given by [25] [26] [27] [28] .
For the T E-polarized wave [25] , the phase thicknesses δ 1 and δ 2 in the B and D layers are given by
respectively; transverse refractive indices q 1 and q 2 of B and D layers are defined as
and θ A , θ S , θ 1 and θ 2 are the ray angles in the incident medium, in the substrate, and inside the layers B and D of each period, respectively; λ 0 is the free space wavelength. The symbols n and d denote the refractive index and the thickness of the layers respectively. Here q A = n A cos θ A and the asterisk denotes the complex conjugate. For the T M -polarized wave, the phase thicknesses δ 1 and δ 2 , the transverse refractive indices q 1 and q 2 of the B and D layers are given by Figure 2 . OPBG range versus filling fraction for BD periodic structure. 
RESULT AND DISCUSSION
We propose air/(BD) 8 /substrate (SiO 2 ), where (BD) 8 means that the periodic multi-layered stack consists of eight sub-layers of birefringent and dielectric materials. In our computations, the layers of different material B and D are considered to be biaxial birefringent one, i.e., potassium titanyl phosphate (KTP) and lead sulfide (PbS) respectively. The refractive index value for PbS in infrared region of investigation is 4.35 and the principal refractive indices n 1x , n 1y and n 1z for the biaxial KTP layer are Using TMM, the TE and TM reflectance spectra for an 8-layer stack were calculated. From Snell's law, n A sin θ A = n 1 sin θ 1 . For ODR of both polarizations (T E and T M ) to occur, it is essential that the maximum value of the refracted angle θ 1 should be less than the internal Brewster's angle [θ 1B = tan −1 (n 2 /n 1 )] so that the TM mode does not couple to the Brewster window. This is done by selecting large values of n 1 and n 2 with respect to air, so as to make cone of internal angles then layers narrow. Also, sharper refractive index contrasts n 2 /n 1 ) yield wider ODR [9] . The change in the spectral characteristics for the incident angles of 0 • , 30 • , 60 • , and 89 • , are shown in Figs. 3(a)  and 3(b) respectively. The gray area is the total omnidirectional band gap (OBG), which was 3373 to 4636 nm, centered at a wavelength of 4004.5 nm. This area is also shown in the band structure for BDPC (Fig. 4) . Now we compare above findings of BDPC with DDPC. For this purpose, we have replaced birefringent layer of BDPC with BaF 2 Figure 5 is a plot of reflectivity spectra of DDPC at various angles of incidence, as determined by TMM. The gray area is the total OBG which was 3155 to 4202 nm centered at a wavelength of 3678.5 nm. This area is also shown in band structure of DDPC (Fig. 6) . Comparison of Fig. 4 and Fig. 6 shows an increase of 216 nm in the ODR with a shift of 326 nm of the central wavelength towards higher wavelengths as compared to DDPC was observed. Although we may increase the ODR range of 1D DDPC further by increasing the number of periods of structure from eight to desired value. But this will also increase the size of structure.
CONCLUSION
In conclusion, we can say that the omnidirectional reflection region of 1D DDPC structure can be significantly broadened to a desired range of electromagnetic radiation by replacing one of the dielectric layers with birefringent layer. Since birefringent material layer introduces two or three more controlling parameters in obtaining the larger ODR with reduced structure size, therefore birefringent materials have a better alternative of dielectric materials for designing efficient omnidirectional reflectors (ODRs). Such type of ODRs are very small in size therefore they have potential applications not only in photonics but also in optoelectronics.
